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INTRODUCTION 

Wheat  leaf  rust,  Puccini a  triticina  Erikss,  nay  be  partially 
controlled  by  such  cultural  measures  as  change  in  date  of  sowing 
and  fertilization.  These  are,  however,  only  adjuncts  to  the 
fundamental  solution  of  the  problem,  the  breeding  of  resistant 
varieties.   To  plan  and  carry  out  a  breeding  program  designed  to 
produce  resistant  varieties  a  knowledge  of  the  genetics  of  rust 
reaction  is  essential  to  make  most  rapid  progress.   Relatively 
little  is  known  about  the  genetics  or  the  nature  of  leaf  rust  re- 
action.  Before  complete  control  of  the  disease  is  attained  by 
the  production  of  resistant  varieties,  the  genetics  of  the  host 
as  well  as  the  nature  of  leaf  rust  reaction  must  be  more  fully 
understood. 

Leaf  rust,  one  of  the  most  destructive  diseases  of  wheat  in 
Kansas,  is  prevalent  during  most  seasons  and  causes  losses  in  the 
forms  of  reduced  pasturage  in  the  fall  or  jield   of  grain  the  fol- 
lowing summer.  A  genetic  study,  with  the  purpose  of  determining 
the  inheritance  of  rust  reaction  in  crosses  among  the  eight 
leaf  rust  differential  varieties  and  Pawnee,  is  being  conducted 
at  Kansas  State  College.   The  inheritance  of  rust  reaction  in  the 
seven  wheat  crosses  reported  in  this  thesis  is  only  a  part  of 
program. 


REVIEW  OP  LITERATURE 

Nature  of  Leaf  Rust  Reaction 

Rust  reaction  may  be  classified  into  two  general  reSponse 
types,  resistance  and  susceptibility.   The  inherent  properties 
of  a  plant,  functional,  morphological,  and  physiological,  which 
inhibit  or  allow  the  development  and  sporulation  of  the  rust, 
determine  whether  it  is  resistant  or  susceptible. 

Chester  (lll\o)   cited  studies  of  various  investigators  in 
which  they  attempted  to  explain  resistance  in  terms  of  such  pro- 
perties and  constituents  of  cells  as  pH,  osmotic  pressure,  aro- 
matic compounds,  and  enzymes.   Correlations  hove  been  obtained 
between  resistance  and  content  of  phenolic  compounds  and  gums. 
Such  compounds,  according  to  Chester,  may  mark  off  broad  cate- 
gories of  resistance  and  susceptibility  between  species,  but  can- 
not explain  physiologic  specialization  within  a  species.   Chester 
stated  that  Gassner's  hypothesis  of  dependence  of  resistance  on 
specific  proteins  and  antibody  reactions  seemed  to  be  the  most 
plausible  and  made  progress  toward  explaining  obligate  parasitism. 

Chester  also  presented  a  hypothesis  of  dependence  of  resis- 
tance and  susceptibility  on  certain  nutritional  relationships  be- 
tween the  host  and  parasite.   In  both  resistant  and  susceptible 
plants,  the  fungus  Invades  the  host  cells,  but  in  resistant  plants 
the  cells  of  the  host  and  fungus  die.   Chester  believes  that  the 
funrus  cells  die  as  a  result  of  starvation,  the  wheat  plant  being 
unable  to  supply  specific  nutrients  needed  by  the  parasite.   Since 
the  fungus  is  intracellular,  its  degenerate  products  kill  the  host 


cells,  causing  the  necrotic  flecking  observed  in  resistant 
reactions. 

In  higher  plants  resistance  to  wheat  leaf  rust  is  comaon, 
Susceptibility  is  rare,  being  confined  to  varieties  of  Trlticum 
and  to  species  of  Thalictrum  and  Isopyron,  alternate  host3.   Since 
susceptibility  is  rare,  Chester  suggested  that  the  key  to  varietal 
resistance  in  Tritlcum  lies  in  determining  the  cause  of  suscep- 
tibility.  Be  suggested  that  the  cause  of  susceptibility  may  be 
certain  proteins  peculiar  to  species  and  varieties  of  Triticum. 
Allen  (1923)  tiade  critical  cytological  studies  of  the  re- 
lation of  certain  races  of  wheat  steal  rust  to  resistant  and  sus- 
ceptible hosts.   Baart,  a  variety  susceptible  to  races  3  and  19; 
Kanred,  a  variety  susceptible  to  race  3  and  highly  resistant  to 
race  19;  and  Mindum,  which  is  immune  to  race  3  and  susceptible  to 
race  19»  were  studied  comparatively.   Race  3  formed  normal  haus- 
toria  in  susceptible  Baart  and  Kanred.   The  host  cells  proximal  to 

the  fungus  showed  Increased  metabolic  activity,  while  the  host 
nuclei  increased  in  volume,   ilastids  decreased  in  size,  but  in- 
creased metabolic  activity  appeared  to  check  this  effect.   The 
host  nuclei  eventually  collapsed.   Race  3  also  formed  haustoria 
in  immune  MIndum.   In  this  case,  the  living  contents  of  the  host 
cells  flowed  rapidly  to  the  haustoria  and  condensed  around  them. 
The  protoplasm  of  the  intercellular  hyphae  moved  to  the  haustoria, 
as  the  haustoria  formed  and  the  host  cells  collapsed.   Death  of 
the  haustoria  followed  collapse  of  the  host  cell.   The  fungus  was 
thus  impoverished,  while  the  surrounding  host  cells  beca-ne  plas- 
molyzed.   Essentially  the  same  reaction  was  observed  when  resis- 


tant  Kanred  was  inoculated  with  race  1  . 

A  more  or  less  congenial  relation  exists  between  a  suscep- 
tible host  and  the  parasite  duri     s  initial  states  of  infec- 
tion; whereas  this  is  not  true  in  tie  case  of  a  resistant  host. 
According  to  Walker  (193>0),  it  is  still  a  matter  of  conjecture 
whether  the  fungus  produces  a  material  toxic  to  the  host  cell  or 
whether  something  in  the  host  cell  is  toxic  to  the  fungus.  Walker 
also  stated  that  the  approach  to  the  nature  of  disease  reaction  on 
the  basis  of  presence  or  lack  of  nutrients  essential  to  the  path- 
ogen deserves  much  more  consideration  than  it  has  been  given  in 
the  past. 

Wheat  seedlings,  susceptible  to  leaf  rust,  may  become  re- 
sistant as  they  become  older.   Johnston  (1937)  has  called  t 
"the  maturative  type  of  resistance"  which  is  now  referred  to  as 
the  mature  or  adult  plant  resistance.   This  type  of  resistance  may 
appear  very  early  in  the  development  of  the  wheat  plant,  the  sec- 
ond, third,  and  fourth  leaves  showing  resistance  as  compared  with 
the  primary  leaf  (Johnston  and  Mains  1932).   In  contrast  there 
are  no  clear  cut  cases  in  which  varieties  resistant  to  leaf  rust 
as  seedlings  become  susceptible  as  mature  plants,  a  resistant  re- 
action to  a  given  race  on  the  primary  leaf  being  a  good  index  of 
rust  reaction  to  the  same  race  throughout  the  entire  life  of  the 
plant. 

Inheritance  of  Leaf  Rust  Reaction 

The  literature  on  inheritance  studies  with  wheat  leaf  rust 
are  presented  in  Table  1.   Chester  (19^6)  reviewed  the  literature 


up  to  1939«   In  all  crosses  studied  varieties  have  been  found  to 
be  differentiated  by  one  or  two  genes  pairs. 

Table  1.   Inheritance  of  resistant  reactions  to  wheat  leaf  rust. 


Cross : Reference 

-.onohybrid  Dominant 
Malakof  (R)*  x   several  (•)•*  varieties       ains  et  al.,  1926) 
Malakof  (R)  x  C.I.  377-3,  Race  12  ■ 

Norka  x  C.I.  37£o,  Races  £,  12  ■ 

V/ebster  (R)  in  various  crosses  (Cited  by  Chester, 19 

Rumpaus  n.  Schlanstedter  x  Normandie  (R)  " 

10ll|  x  Normandie  (R),  Race  1$  w 

Webster  x  Mediterranean  .ins,  192 

Cannberra  x  Thew  (R)  Austr.  1  (Waterhouse,  1930) 

Riverina  x  Thew  (R)  Austr.  1  " 

Gluyas  x  Thew  (R)  x  Federation  Austr.  1  n 

Jepanese  bearded  (R)  x  Federation  Austr.  1  " 

Ilorka  (R)  x  Ceres,  Race  3  -Ins,  l?3l|.) 

Vulg.  037  x  Ukrainka,  Poltavka  (Leighty,  1929) 

Hope  (R)  x  Leap's  Prolific  (Adams,  1939) 

Hope  (R)  x  Fulcaster  ■ 

Hope  (R)  x  Purple straw  » 

Peragis  x  llomandle  CO,  Race  1$  (Cited  by  Chester, 19!  o) 

Blausaaitiger  Kolbers  x  Peragis  (R),  Race  1$  " 

lakof  x  Susceptible  wheats  (Leighty,  1925) 

Ualakof  x  several  vars.,  Rsce  12,  3        (Leighty,  1929) 

(H^-Reward  x  Baringa)  x  (Hard  Federation   ('.Veils  and  Swenson, 

x  Dicklow)  19 Mj.) 


Cross :   Reference 

Monohybrid  Dominant 

Malakof  x  Democrat,  Rcces  5,  $8  (  oodward,  1950) 

Lee  (R)  x  Mida,  Race  5  a  and  Ausemus,  1953) 

-iiohybrid  ^eceasive 

lakof  x  C.I.  3778  (R),  Race  5  (  aina  et  al.,  1926) 

Kanred  x  Fulcaster  (Cited  by  Chester,  19^6) 

Harvest  Queen  x  Pule aster  " 

Harvest  kueen  x  Kanred  " 

Ardito  (R)  x  San  Martin  n 

Ardito  (R)  x  various  S  varieties  n 

Varonne  (R)  x  various  S  varieties 

Nomiandie  (R)  x  various  S  varieties  " 

Dinkel  x  emmers  (usually)  ■ 

Durum  x  vulgare  n 

Turgidum  x  compactum  " 

Polonicum  x  spelta  " 

Malakof  x  C.I.  3771-  (R),  .ace  5  (Leighty,  1929) 

Susceptible  vars.  x  Democrat,  ...editer- 

ranean  35.27  (Cited  by  Chester, lllj6) 

Kanred  x  Pulcaster  " 

Hope  (R)  x  Ukrainka  " 

Marquis  x  Ukrainka  " 

Odessa  0719  x  Mediterranean  (R)  " 

Chino  166  (R)  x  Lin  Calel  " 
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Table  1.  (Con't) 

Cross 

• 
• 

:     Reference 

aohybrid  Recessive 

Kanred  x  several  susceptible  varieties 

(Mains  et  al.,  192&) 

(Mediterranean-Tope  x  Pawnee)  x  Comanche, 

Race  9 

(Schlehuber,  1950) 

(Oro  x  i'editerranean  x  Hope)  x  Comanche, 

Race  9 

n 

(Kawvale  -  Marquillo  x  Kawvale-Tenmurq)  x 

Cheyenne,  Rao*  9 

n 

(Kawvale  -  Marquillo  x  Kawvale -Tenmarq)  x 

Comanche,  Race  9 

« 

'"/abash  x  Michigan  Amber,  Races  9,  31,  &5, 
78,  79,  80,  101,  110 

(Caldwell,  et  al.,  19^7) 

Lee  x  !r;ida,  ^iace  12 

(V»u  and  Ausemus,  1953) 

nohybrid  Incomplete  Dominance 

Kanred  x  several  3  varieties 

(Mains,  et  al.,  1926) 

.lakof  (R)  x  several  S  varieties 

n 

Malakof  x  7/ebster  (R) 

« 

Fulcaster  (R)  x  Kanred 

n 

Vulgare  Chinese  x  dicoccum  (R) 

(Guard,  1938) 

lakof  x  R  varieties 

(Leighty,  1926) 

037  x  Cooperatorka 

(Cited  by  Chester, 19^6) 

rquis  x  Lutes csns  0329 

n 

Pawnee  x  RedChief,  Race  9 

(Penny,  19^7) 

Di hybrid  Dominant 

Norka  x  C.I.  3756 

(Mains  et  al.,  1926) 

12H  x  38  MA  (R) 

(Cited  by  Chester, I9I4.6  ) 
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le  1.  (Concl.) 


Cross  ; Reference 

Complimentary  Dominant  Factors 
Pawnee  x  Chinese,  Race  9  (Heyne  and  Livers, 

S3) 

Pi hybrid  Recessive 

Vulgare  037  x  Minhardl  (Cited  by  Chester,19lj.6) 

Vulgare  037  x  Belaya  Tserkov  5182  " 

Malakof  x  Democrat,  Race  9  (  oodward,  1950) 

Dihybrid  Inco.aplete  Dominance 
Lee  (R)  x  "ida  (mixture  of  races)  a  and  Aus emus, 1953) 

Transgress ive  Segregation  for  Resistance 
Thatcher  x  Triumfo  (mixture  of  racos)      (Swenson  et  al.,  19I4.7) 
Oro  x  Tenmarq  (mixture  of  races)  '-smer,193lj.) 

Linkc      ewe  en  Reactions  to  Races 
Lee  x  Mid*    Races  5  and  126,  21+  2.73       -  and  Auser.ius,  1953) 


0   Resistant 
•»S   Susceptible 


The  mode  of  inheritance  of  seedling  reaction  to  physiologic 
races  5,  9»  15*  19>  a^id  £8  of  wheat  leaf  rust  was  studied  in 
seven  crosses,  using  P3  lines  and  bulk  F3  populations.  Seedling 
plants  were  classified  by  the  rust  reaction  on  the  primary  leaf, 
according  to  standard  reaction  t7/pes  used  in  identifying  physio- 
ic  races.  These  standard  reaction  types  were  described  by 
Lns  and  Jackson  (1926)  as  follows: 

0.  Highly  resistant;  no  uredinia  formed;  flecked. 

1.  Very  resistant;  more  or  less  flecked;  accompanied  by 
few  small  uredinia. 

2.  Moderately  resistant;  uredinia  fairly  abundant  and  of 
moderate  size,  accompanied  by  necrosis. 

3.  Moderately  susceptible,  uredinia  fairly  abundant  and 
of  moderate  size,  sometimes  chlorosis. 

I|.  Very  susceptible;  uredinia  abundant,  sometimes  in 
more  or  less  pronounced  green  islands. 

In  addition  to  the  types  described  above,  two  reaction  types, 
considered  to  be  in  the  resistant  category  and  designated  as  X  and 
Y,  were  used.   An  X  reaction,  described  by  Johnston  and  Mains 
(1932),  commonly  observed  in  hybrids,  is  characterized  0  and  l\. 
reaction  types  occurring  at  random  on  the  same  leaf.  Abundant 
pustules  of  the  1+  type  on  the  upper  one-third  of  the  leaf  grading 
down  to  c/  0  type  reaction  at  the  base  of  the  leaf  characterizes 
the  Y  reaction. 

The  parental  varieties  and  their  reactions  to  the  races  used 
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in  the  study  are  presented  in  Table  2. 

Table  2.   Parental  varieties  and  their  reactions  to  the  five 
physiologic  races  of  leaf  rust. 


■ 
• 

Physi 

olo-ic 

:ce 

Variety 

:                 1 
:        5        : 

• 

:        9        : 

15' 

• 
• 

• 
• 

■ 

19     i 

r 

:      58 

fcalakof  CI  1*898 

h 

k 

0 

k 

0 

Carina  CI  3756 

0 

1-2 

0 

k 

2 

Brevit  CI  3778 

0-1 

1-2 

0-1 

2 

3-fc 

Webster  CI  3780 

0-1 

k 

0 

k 

1 

Loros  CI  3779 

0-1 

k 

0-1 

k 

3 

Mediterranean  CI 

3332 

k 

0-1 

k 

0 

h 

Hussar  CI  ij.8l|3 

2+ 

1--H 

0-1 

1 

2 

Pawnee  CI  11 069 

k 

0-1 

k 

0-1 

k 

Seedl.ln.~s  were  tested  to  only  one  physiologic  race  at  a  time. 
Purity  of  race  was  maintained  by  keeping  each  race  isolated  in  a 
greenhouse  section.   Racial  purity  was  checked  by  growing  at 
least  four  differential  varieties  in  each  test.   After  completion 
of  each  race  study,  the  greenhouse  wa3  thoroughly  cleaned  before 
another  race  was  Introduced. 

Fresh  inoculum  for  each  seedling  tost  was  provided  by  growing 
and  inoculating  six  3-inch  pots  of  the  susceptible  wheat  variety, 
Cheyenne.   Inoculations,  using  pure  race  cultures,  were  nade  ten 
days  following  each  planting.   The  sa.ie  day  Cheyenne  vas  inocu- 
lated, twenty-five  to  fifty  seeds  of  each  F3  line  together  with 
the  parents  and  at  least  four  differential  varieties  were  planted 
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in  one-hundred  3-inch  pots.   In  order  to  identify  its  progeny, 
the  seed  from  an  individual  F2  plant  was  assigned  a  number  which 
was  then  used  throughout  the  tests.   Ten  days  following  planting, 
the  seedlings  were  inoculated  by  brushing  them  with  infected 
Cheyenne  plants  and  incubated  in  a  portable,  cloth  moist-chamber 
for  twelve  hours. 

Readings  to  determine  the  breeding  behavior  of  the  P3  lines 
were  taken  approximately  ten  days  after  inoculation.  The  lines 
were  classified  homozygous  resistant,  homozygous  susceptible  or 
segregating  for  rust  reaction.   In  homozygous  lines  a  single 
reading  was  taken,  while  In  segregating  lines  individual  plants 
were  classified  as  to  reaction  type. 

The  phenotypic  expectation  for  the  general  case  in  segrega- 
ting P3  lines  with  duplicate  genes  involved,  where  p  and  1-p  are 
the  recombination  values  for  repulsion  and  coupling  respectively, 
were  calculated  in  the  following  manner. 

Proportion  of 
Genotype     Segregating  Genotypes     Manner  of   Segregation 

AB  ab 

AaBb  (l-2p  +  2p2)  (j,  p2    ,      £2) 

Aabb  or         2p  (1-p)  (3       :       1    ) 

aaBb 


Hr 


T 


Il-2p4.p2*2p3_2p4   :  2p-p2-2p3|2p*l 

Thus,  the  expectation  for  the  ab  class  is  (l-2p+2p2)  (p2)  4. 
2p(ilPl  *  2p-p2-2p342plu   When  p  is  0.3',  the  AB  and  ab  classes 
occur  in  a  ratio  of  0.81|]4:0.l5&  or  27:5.   Similarly,  the  pheno- 
typic or  genetypic  expectation  for  segregating  F3  lines  in  any 
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cases  where  two  genes  were  involved  were  calculated  by  the  same 

method. 

Phenotypic  expectation  in  the  bulk  Po  populations  for  three 

independent  factors  was  calculated  as  follows: 

(5A:3a)(5B:3b)(5C:3c)  «  125ABC:75ABc:7£AbC;75aBC:l^Abc: 

i)_5aBc  :lj.5abC  :27abc . 

The  breeding  behavior  of  P3  lines,  i.e.,  whether  they  are 
homozygous  or  heterozygous,  can  be  classified  with  accuracy  and 
precision.   Classification  of  individual  plants  in  segregating 
lines  was,  however,  subject  to  greater  error,  due  to  variation 
in  environmental  conditions  in  the  greenhouse  affecting  the  de- 
velopment of  both  the  host  and  parasite. 

In  certain  cases,  the  observed  fraction  of  resistant  plants 
in  segregating  lines  was  far  below  expectation,  suggesting  that 
gene  penetrance  was  incomplete.   Penetrance  of  r-enes  for  resist- 


ance was  defined  as  Penetrance  ■  1  0  +  t  ^1/0(1-0)  ,  where  T  = 
theoretical  fraction  of  resistant  plants,  0  =  observed  fraction 
of  resistant  plants,  n  =  number  of  observations,  and  t  oc-  =  % 
t -value  for  degrees  of  freedom  equal  to  infinity. 

The  recombination  value  for  the  case  of  linked  duplicate 
genes  in  coupling  was  estimated  by  the  method  of  maximum  likeli- 
hood.  The  formulae  were  derived  by  Dr.  Fryer,  Statistics  Depart- 
ment, Kansas  State  College. 


nmi  +  n2) 
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ru  =  number  of  lines  breeding  true  for  the  AB  class. 
rip  m  number  of  lines  breeding  true  for  the  ab  class. 
n  =  number  of  observation:.. 
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EXPERIMENTAL 

Seedling  Reaction  to  Five  Races  of  Leaf  Rust 

The  breed Lng  behavior  of  the  F3  lines  and  the  phenotypic 
classification  of  the  segregating  F3  lines  and  bulk  F3  populations 
are  presented  in  Tables  3  and  If.. 

Uterranean  was  resistant  to  race  9  and  susceptible  to 
races  5,  15,  and  58.  Webster  was  resistant  to  races  5,  15,  end 
58,  but  susceptible  to  race  9.   These  varieties  were  differen- 
tiated by  a  single  gene  pair  for  reaction  to  race  9  and  for  re- 
action to  races  5,  1$,    and  58  as  supported  by  the  data  (Tables  3 
and  J|).   The  resistant  reaction  of  ;/ebster  to  races  5,  15,  and  58 
was  completely  dominant  to  the  Mediterranean  susceptible  reaction. 
The  breeding  behavior  of  the  F3  lines  tested  to  races  5,  15,  and 
58  was  the  sane,  indicating  that  the  resistance  of  Webster  to 
these  races  was  due  to  the  same  gene.   The  resistant  reaction  of 
Mediterranean  to  race  9  was  incompletely  dominant  to  the  reaction 
of  Webster.   Keterozygotes  were  presumably  of  the  X  type  reaction, 
but  could  not  be  distinguished  accurately  from  homozygous  resis- 
tant plants.   If  readings  were  taken  before  the  rust  w*,s  sporula- 
ting  freely,  the  X  reaction  could  not  be  separated  from  a  if.  type 
as  indicated  by  the  penetrance  value,  0.9l|2  ±   .01  (Table  If.). 
Penetrance  was  complete  if  readings  were  taken  when  the  rust  was 
fully  developed. 

Carina  and  Hussar  were  both  resistant  to  races  5,  9,  15,  and 
8.  The  Hussar  reaction  to  these  races  varied  from  2-2+.  The 
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Carina  reaction  was  0  to  races  5  and  l5»  and  1-2  to  races  9  an^ 
58,  Transgres3ive  segregation  for  susceptibility  to  all  four 
races  was  obtained.   The  data  support  the  hypothesis  that  two 
different  factors,  segregating  independently  in  the  P2»  were  re- 
sponsible for  the  resistance  of  the3e  varieties  to  the  four  races. 
With  few  exceptions,  probably  due  to  errors  in  classification, 
all  lines  breeding  true  for  resistance  and  segregating  0-2  to 
races  5  and  15  bred  true  for  resistance  to  race  $Bt    su; resting 
that  the  same  penes  were  involved  in  the  reaction  to  these  races. 
The  Carina  reaction  to  races  5  and  1$   was  epistatic  to  the  Pussar 
reaction  when  the  Carina  genes  for  resistance  were  homozygous, 
as  shown  by  the  small  departure  from  the  l:i|  ratio  (Table  l\.) ,      The 
Carina  and  Hussar  penes  behaved  ss  Independent -dominant  dupli- 
cate factors  when  the  F^  lines  were  tested  to  races  9  and  58. 
Penetrance  of  Carina  genes  for  resistance  was  O.697*  .012  and 
0.7!|2±  .Oil;  for  races  9  and  53  respectively  (Table  1|.) » 

Pawnee  was  susceptible  to  races  5,  15  and  58.  The  Carina 
resistant  reaction  to  these  races  in  the  cross,  Pawnee  x  Carina, 
was  dominant  to  susceptibility.   Both  parents  were  extre  ,iely 
variable  in  their  reaction  to  rr ce  58  but  gave  stable  reactions 
to  races  5  and  15.   Each  line  breeding  true  or  segregating  to 
races  5  and  15  behaved  in  the  sai3  lanner  when  tested  to  race  SQ, 
su  -esting  that  the  sa-ne  genes  were  responsible  for  the  reactions 
to  all  three  races.   Linked  duplicate  penes  in  the  coupling 
phase  with  16.3  *  9.3  percent  crossing  over  differentiated  the 
reactions  of  these  varieties  to  the  three  races  as  evidenced  by 
the  data  (Tables  3  and  1|).  Apparently  Carina  was  composed  of 
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different  genotypes  with  respect  to  rust  reaction,  since  inde- 
pendent segregation  was  observed  in  the  Carina  x  hussar  cross 
tested  to  races  5>  l5>  and  5$.  Estimated  penetrance  of  genes 
for  resistance  to  5  and  $&   was  0.92*  . Oll+  and  0.56*  .019  respec- 
tively (Table  LJ. 

Both  Brevit  and  Hussar  were  resistant  to  races  9  and  15. 
Transgressive  segregation  for  susceptibility  to  both  races  was 
obtained,  indicating  Brevit  and  Hussar  possessed  different  domi- 
nant factors  for  resistance  to  each  race.   These  factors  segre- 
gated independently  in  the  F2  as  shown  by  the  nonsignificant  de- 
viation from  the  7*8*1  ratios  (Table  3)»   Penetrance  was  estimated 
as  0.9371  .008  for  race  9  and  0.7591  »°66  for  race  15  (Table  1|). 

Malakof  was  susceptible  and  Carina  was  resistant  to  race  5. 
Resistance  was  completely  dominant  in  this  cross,  being  condi- 
tioned by  a  single  gene.   However,  the  number  of  homozygous  sus- 
ceptible and  segregating  P3  lines  were  far  from  expectation  in  a 
monohybrid  ratio.   It  appeared  as  if  the  gene  for  resistance  and 
a  sticky  gene,  causing  non-disjunction  at  anaphase  I  of  meiosis 
If  homozygous  and  hypostatic  to  homozygous  genes  for  resistance, 
were  located  on  the  sane  chromosome  at  least  fifty  crossover 
units  apart.   Parental  and  F2  genotypes  together  with  their 
breeding  behavior  in  the  Fo  are  as  follows: 

Parents:  Carina  AABB  x  Hussar  aabb 

F2  Genotype  Breeding  Behavior  in  F^ 

1  AABB  Breeds  true;  0 

2  AaBB  Breeds  true  phenotypically;  \± 
2  AABb                 Breeds  true  phenoty.jically;  0 
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\±   AaBb  Segregates;  10=0,  6=1  . 

1  AAbb  Breeds  true;  0 

2  Aabb  Segregates;  3=0,  1=1; 

1  aaBB  Breeds  true;  l\. 

2  aaBb  Breeds  true  phenotyplcally;  l± 
1  aabb               Breeds  true;  l± 

If  It  is  assumed  that  A  is  the  rene  for  resistance,  under 
the  above  hypothesis  all  AA — genotypes  breed  true  for  resistance. 
Non-disjunction  seemed  to  occur  in  AaBB  and  aaBB  genotypes. 
Apparently  chromosomes  carrying  the  B  factor  in  the  homozygous 
condition  were  lost  durl     iosis,  resulting  In  a  high  propor- 
tion of  nullisomics  which  were  susceptible  because  the  A  rene 
was  not  present.   Chi-square  tests  show  the  data  closely  fit  the 
expected  ratios  of  )|:6:6  and  3*1  for  the  breeding  behavior  of 
the  P3  lines  and  in  the  segregating  lines,  P  lying  between  0.3 
and  0.2  In  both  cases  (Tables  3  and  If).   Resistant  and  susceptible 
plants  occurred  in  a  ratio  of  about  2:1  in  the  bulk  Po  population. 
This  2:1  ratio  is  not  explainable  with  the  above  hypothesis,  but 
may  be  explained  on  a  three  factor  basis.   With  a  three  factor 
hypothesis  phenotypes  ABC,  AbC ,  Abe,  abC,  and  Abe  are  resistant; 
phenotypes  a3C,  ABc  and  abc  are  susceptible,  and  occur  in  a 
ratio  of  3.35:1.17  (Table  If).   The  Chi-square  test  for  goodness 
of  fit  was  rood,  P  lying  between  0.2  and  0.1.   It  seems  paradox- 
ical that  the  breeding  behavior  of  the  P*  lines  and  the  segrega- 
tion observed  in  the  bulk  F3  population  cannot  be  explained  with 
the  same  hypothesis.  The  peculiar  behavior  of  the  Carina  x 
Malakof  cross,  when  tested  to  race  5,  remains  an  enigma  which 
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will  probably  be  clarified  only  by  cytological  Investigations. 
Carina  and  Malakof  were  both  highly  resistant  to  race  15 
and  susceptible  to  race  19.   Transgressive  segregation  for  sus- 
ceptibility to  race  1$   and  high  resistance  to  race  19  was  obtained 
in  bulk  F^  populations.   Three  factors  appeared  to  be  involved 
in  both  cases.   The  segregation  in  the  bulk  Po  population  tested 
to  race  15  may  be  explained  by  the  following  factorial  hypothesis. 
Parents:  Carina  (abc)  x  'alakof  (ABC)« 

Phenotype  Reaction  to  Race  15 

ABC  0 

AbC  0 

abC  0 

aBc  0 

abc  0 

aBC  1| 

ALc  4 

Abc  1+ 

The  Chi-square  test  indicates  the  observed  numbers  of  resistant 
and  susceptible  plants  do  not  deviate  significantly  from  the  ex- 
pected ratio  of  3:17:1.35  (Table  I ■).   Transgressive  segregation 
for  resistance  to  race  19  was  explainable  with  the  following 
factorial  hypothesis. 

Parents:  Carina  (xyZ)  x  Malakof  (XYz). 

Phenotype  Reaction  to  Race  19 

XYZ  Y 

XyZ  0 

Xyz  0 


Zk 


Phenotype  Reaction  to  Race  19 

xYz  0 

XYz  k 

xYZ  k 

xyZ  k 

xyz  k 

A  fair  fit  to  the  expected  ratio,  1. 65-0:1. 2£-y:2. 22-]+  was  ob- 
tained, P  lying  between  0.1  and  0.05  (Table  J|). 

Loros  '.vos  resistant  to  race  5  and  Pawnee  susceptible. 
A  single  gene,  as  supported  by  the  data  in  tables  3  and  k*   dif- 
ferentiates trese  varieties  with  respect  to  reaction  to  race  5, 
resistance  being  incompletely  dominant. 

Pawnee  was  susceptible  to  race  5;  Webster  resistant.  As 
indicated  by  the  data  (Tables  3  and  1+)  a  single  gene  differenti- 
ates these  varieties.  The  resistant  reaction  of  -Vebster  is  also 
completely  dominant  in  this  cross. 

Inheritance  of  Glume  Color 

Carina  had  brown  glumes  ■<   id   alakof  white  gluics.   Three 
nes  differentiated  these  varieties  with  respect  to  glume  color. 
In  this  cross,  brown  glum*  color  appeared  to  be  dependent  upon 

ie  dosage,  at  least  two  dominant  genes  b«     required  for  color. 
Genotypes  with  six  dominant  genes  were  very  dark  brown.   The  fol- 
lowing P2  data  support  this  hypothesis. 

Dark  Brown  iium  Brown         White 

5  291  52 

X2  a  0.171,  D.  F.  =  2,  P  =  0. >5-0.9. 
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Loros  had  brown  glumes  and  Pawnee  white  glumes.  The  P2  was 
classified  as  follows  as  to  glurao  color.   Deviations  from  a  3sl 
ratio  are  not  significant,  indicating  a  monofactorial  basis  of 
inheritance  with  brown  dominant. 

Brown  White 

159  k2 

x2   -  1*195,  D.  *'.  =  1,  P  =  0.3-0.2 

Associations  Between  Characters 

Chi-square  tests  for  independence  of  inheritance  between 
characters  are  presented  in  Table  5«   In  the  Webster  x  Mediter- 
ranean cross,  the  reaction  to  race  9  and  the  reaction  to  races 
5|  15,  and  58  were  Inherited  independently,  the  deviations  from  a 
two-factor  enotypic  ratio  being  nonsignificant.   The  reactions 
to  race  9  and  races  5,  15,  and  58  in  the  Carina  x  Hussar  cross, 
and  the  reactions  to  race  9  and  1$   In  the  Brevit  x  Hussar  cross 
were  not  inherited  independently,   resistant  reactions  to  all 
four  races  were  definitely  associated  in  these  crosses.   Unfor- 
tunately, the  paucity  of  genetic  data  in  these  studies  prohibits 
explaining  these  associations  with  factorial  hypotheses.   The  Chi- 
square  test  for  independence  indicates  reaction  to  race  5  and 
rlume  color  was  inherited  independently  in  the  Loros  x  Pawnee 
cross. 
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DISCUSSION  OP  EXPE  .     AL  RESULTS 

Genetically  speaking,  a  resistant  reaction  to  leaf  rust 
under  particular  environmental  conditions  -.nay  be  due  to  the 
action  of  a  single  gene,  as  illustrated  by  the  completely  domi- 
nant reaction  of  Webster  to  races  5,  15  and  5>8  in  the  progeny  of 
the  Webster  x  Mediterranean  cross;  to  intraallelic  interaction, 
as  illustrated  by  the  progeny  giving  0  type  reactions  in  the 
Carina  x  Hussar  cross;  or  to  the  additive  effects  of  allelic 
genes  as  illustrated  by  the  incompletely  dominant  reaction  of 
Mediterranean  to  race  9.   In  the  reaction  of  the  V.'ebster  x  Mediter- 
ranean cross  to  race  Q>  individuals  homozygous  for  resistance 

nes  displayed  a  higher  tj-po   of  resistance  than  heterozygote3. 
That  resistance  to  leaf  rust  may  also  be  due  to  both  inter-  and 
intraallelic  interaction  was  suggested  in  the  reaction  of  the 
Carina  x  Malakof  to  races  \$   and  19.  Resistance  appeared  to  be 
due  to  either  the  interaction  of  dominant  genes,  XZ,  or  recessive 
genes,  yz  and  xz.   In  the  Carins  x  Malakof  cross  the  phenotype, 
abc,  was  among  those  resistent  to  race  1>.   In  the  case  of  tri- 
hybrid  recessive  phenotypes,  all  genes  must  be  in  the  homozygous 
condition  to  express  resistance,  indicating  that  both  inter-  and 
intraallelic  interactions  were  involved  in  the  resistant  reaction. 
Similar  genie  relationships  appeared  to  condition  susceptibility. 
The  evidence  presented  for  the  hypothesis  explaining  the  reac- 
tions of  the  Carina  x  Malakof  cross  tc  races  1$   and  19  was  not 
conclusive,  however,  since  the  date  were  based  entirely  on  the 
reaction  of  individual  plants. 


In  all  seven  crosses  studied,  whenerer  both  parents  were 
resistant  to  a  physiologic  race,  transgressive  segregation  for 
susceptibility  was  obtained,  demons  trot  In;;  that  resistance  to  a 
race  may  be  caused  by  at  least  two  distinct  genes.   These  genes, 
which  appeared  to  be  acting  independently  and  were  non-additive 
in  their  effects,  were  exemplified  by  the  reaction  of  the  Brevit 
x  Hussar  cross  to  race  9.   Line3  homozygous  for  two  genes  for 
resistance  gave  the  same  phenotypic  reaction  as  lines  homozygous 
for  one  gene,  as  indicated  by  the  7:3:1  ratio  (Table  3).  Any 
cumulative  effects  of  genes  for  resistance  were  not  detectable. 

The  occurrence  of  transgressive  segregation  for  both  resis- 
tance and  susceptibility  indicated  that  the  varieties  possessed 
genes  for  leaf  rust  reaction  that  were  inhibited  in  their  ex- 
pression.  The  expression  of  these  r;enes  beca  .c  ianifest  when  com- 
bined in  new  combinations  by  segregation  and  recombination.  The 
fact  that  different  combinations  of  fenes,  as  in  the  reaction  of 
the  Carina  x  I.Ialakof  cross  to  races  If?  and  19»  gave  the  same 
phenot/pic  expression  iu  es ted  there  may  be  many  genes  for  leaf 
rust  reaction.  Any  two  varieties  probably  possessed  many  genes 
for  rust  reaction,  but  were  differentiated  by  one  or  two  gene 
pairs  as  determined  by  genetic  tests. 

That  a  series  of  multiple  alleles  for  leaf  rust  reaction 
may  exist  wm  su  nested  by  the  reactions  of  the  Carina  x  Hussar 
and  Carina  x  Mala'cof  crosses  to  race  5>.   The  resistant  reaction 
of  Carina  was  completely  dominant  in  the  Carina  x  Malakof  cross. 
In  the  Carina  x  Hussar  cross,  it  was  necessary  for  the  Carina 
renes  for  resistance  to  be  homozygous  in  order  for  the  Carina  re- 


action  to  be  expressed.   PhenotypicaV     e  resistant  reaction  of 
Carina  was  the  sane  in  both  crosses.   Two  explanations  were  pos- 
siblo.   Either  alternative  alleles  for  the  0  type  reaction  to 
race  5  occurred  in  the  variety,  Carina,  or  Hussar  and  Malakof 
carried  different  alleles  for  susceptibility.  The  fact  that 
Carina  was  found  to  possess  linked  duplicate  genes  for  resistance 
in  Carina  x  Pawnee  cross  tested  to      $   strongly  suggested  that 
the  variety,  Carina,  was  composed  of  a  series  of  genotypes  in 
which  alternative  alleles  for  rust  react* on  existed. 

The  expression  of  leaf  rust  reaction  was  not  only  dependent 
upon  the  genetic  constitution  of  the  host  but  also  upon  a  par- 
ticular race  of  pathogen.   Por  example,  VJcbster  gave  a  0  type  re- 
action with  small  necrotic  flecks  to  races  5  and  \$   and  a  1  type 
reaction  with  very  large  necrotic  areas  to  race  58, 

-  was  responsible  for  resistance  to  all  three  races.   Similar- 
ly the  expression  of  the  Carina  genes  for  resistance  was  of  the 
0  type  reaction  to  races  5  and  15  but  of  a  2  type  to  race  5  . 

If  it  were  assumed  that  the  host  genes  for  leaf  rust  reaction 
were  necessary  for      roduction  of  specific  nutrients  essential 
for  the  growth  of  the  p;     tn  and  that  physiologic  races  of  rust 
have  specific  nutrient  requirements  determined  by  their  ?2enetic 
constitution,  the  behavior  of  wheat  leaf  rust  on  wheat  seemed 
analogous  to  the  behavior  of  certain  mutant  strains  of  Neurospora 
on  minimal  media  as  reported  by  Emerson  (1912).  Emerson  cited 
instances  in  which  the  growth  of  ana t ant  strains  of  Ueurospora 
having  specific  nutrient  requirements  for  particular  amino  acids 
was  Inhibited  by  the  presence  of  other  amino  acids  not  ordinarily 


30 


interfering  with  growth.   This  inhibition  of  growth  seemed  com- 
parable to  the  Y  reaction  of  the  Carina  x  ".'alakof  cross  to  race 
19.   Phenotypes  XYz  and  xYZ  were  among  those  which  gave  a  suscep- 
tible reaction  to  race  19.  The  growth  of  the  rust,  apparently, 
was  not  inhibited  when  XYz  or  xYZ  factors  were  present.   On  the 
other  hand,  the  presence  of  XYZ  factors  seemed  to  inhibit  the  growth 
of  the  rust.  Emerson  cited  other  cases  in  which  mutant  strains  of 
Neurospora  would  not  grow  unless  supplied  a  specific  nutrient. 
Such  cases  may  be  comparable  to  the  Webster  reaction  to  races  £, 
15  and  £8  in  which  a  single  completely  dominant  c^n(^   was  responsi- 
ble for  resistance.   Webster,  evidently,  could  not  supply  essential 
factors  for  the  growth  of  the  rust. 

Comparisons  between  leaf  rust  and  Neurospora  may  be  unten- 
able, but  superficial  analogies  as  riven  above  seemed  to  exist. 
Neurospora  may  be  readily  cultured  on  artificial  media;  whereas, 
the  2n  stare  of  wheat  leaf  rust  is  an  obligate  parasite  found 
only  on  wheat.  Whether  or  not  the  host  genes  are  factors  influ- 
encing the  nutrition  of  the  pathogen  can  only  be  decided  by  further 
research. 
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RY 

The  inheritance  of  leaf  rust  reaction  was  studied  in  seven 
wheat  cross  ■,  ebster  z  Mediterranean,  Carina  x  Hussar,  Carina 
x  Pawnee,  Carina  x  -evit  :     ~ar,  Loros  x  Pawnee,  and 

Webster  x  Pawnee.  Wit'     exception  of  Pawnee,  the  par3nts  c  - 
prise  3even  of  leaf  rust  differential  varieties  used  in 

identifying  physiologic  races.   Physiologic  races  $9   9,  l5>  19 > 
and  58  were  used  in  the  study, 

Webster  had  one  dominant  factor  for  resistance  to  reces   , 
l5>  and  J>8«   Itediterranean  had  one  incompletely  dominant  factor 
for  resistance  to  race  9»   In  the  Webster  x  Mediterranean  cross, 
resistance  to  race  9  and  to  races  5»  l5>  and  58  were  inherited 
independently.   The  resistant  reaction  of  Webster  was  also  com- 
pletely dominant  and  monofactorially  inherited  in  the  Webster  x 
Pawnee  croas  tested  to  race  5»   The  behavior  of  Carina  was  in- 
consistent in  the  three  crosses  tested,  suggesting  the  variety 
was  composed  of  different  genotypes  for  rust  reaction.   Carina  and 
Hussar  carried  different  genes  for  resistance  to  races  5»  9»  l5» 
and  5-»  The  Carina  reaction  to  races  5  and  15  was  epistatic  to 
the  Hussar  reaction,  when  t1  e  Carina  genes  for  resistance  were 
homozygous.  The  reaction  to  race  9  and  to  races  5»  15  and  58, 
which  appeared  to  be  due  to  the  same  renes,  were  not  independently 
inherited.   Carina  and  Pawnee  were  differentiated  by  linked  dupli- 
cate genes  in  couplin       16.3*9.3  percent  crossing  over  in 
their  reactions  to  r^ces  5»  l5>  and  58.  The  behavior  of  the 
Carina  x  Malakof  cross  tested  to  race  5  in  which  resistance  «p- 
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peared  to  be  conditioned  by  a  single  fene,  could  not  be  adequately 
explained.   Three  factors  appeared  to  be  involved  in  the  trans- 
gressive  s«  for  susceptibility  to  race  15  an..     .  re- 

sistance to  race  $9  in  the  Carina  x  Malakof  cross  tested  tc  th 
races.  Brevit  and  hussar  carried  different  genes  for  resistance 
to  races  9  anc^  ''    •      The  reactions  to  r-aces  9  and  1:J   were  associ- 
ated in  inheritance  in  this  cross.   Phi         js  of  Loros  to 
race  5  was  differentiated  from  the  suscc  -tLoility  of  Pawnee  by 
a  single  gene.   The  reaction  of  Lores  was  incompletely  dominant. 
The  inheritance  of  glume  color  was  .  Lna  x 

of  and  Loros  x  Pswnee  crosses.   Three  genes  d; 
Carina  and  Malakof  with  respect  tc  glume  color,   hrov.    1  :ie 
color  was  dependent  upon  at  least  two  dominant     s.   Gene 
dose~e  & jpeared  to  influence  color  intensity.  The  brown  glume 
color  of  Loros  wes  differentiated  from  the  white  glume  I  of  Tawnee 
by  a  single  dominant  gene.  Brown  glume  color  and  reactioa  to  race 
5  were  inherited  independently. 
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To  plan  and  carry  out  a  breeding  program  designed  to  pro- 
duce leaf  rust  resistant  varieties  a  knowledge  of  the   enetics 
of  rnst  reaction  is  essential  to  make      ost  rapid  progress.  A 
study,  with  the  purpose  of  determining  the  genetics  of  rust  re- 
action in  crosses  between  the  eight  leaf  rust  differential  varie- 
ties and  Pawnee,  is  being  conducted  at  Kansas  State  College. 
Only  seven  of  these  crosses  were  reported  on  in  this  study. 

The  mode  of  inheritance  of  seedling  reaction  to  leaf  rust 
in  the  crosses,  Webster  x  Mediterranean,  Carina  x  Hussar,  Carina 
x  Pawnee,  Carina  x  Malakof,  Brevit  x  Hussar,  Loros  x  Pawnee,  and 
Webster  x  Pawnee,  was  studied  using  P3  lines  and  bulk  F3  popu- 
lations.  Seedling  plants  were  classified  by  the  rust  reaction  on 
the  primary  leaf,  according  to  standard  reaction  types  used  in 
identifying  physiologic  races.   Physiologic  races  5,  9,  15,  19, 
and  58  were  used  in  this  study, 

Webster  and  Mediterranean  were  differentiated  by  a  single 
rerxe   in  their  reactions  to  races  5,  9»  15,  and  5>8.  The  resis- 
tance of  Webster  to  races  5,  15,  and  $8  was  completely  dominant, 
while  the  rrsis  an.ee  of  Mediterranean  to  race  9  was  incompletely 
dominant.   The  reections  to  races  5,  15,  and  53,  which  were  gov- 
erned by  the  same  genes  in  this  cross,  were  inherited  independ- 
ently of  the  reaction  to  race  9.  The  resistant  reaction  of  //eb- 
ster  was  also  completely  dominant  and  monofactorially  in  the 
progeny  of  the  IVebster  x  Pawnee  cross  was  tested  to  race  5» 

Transgressive  segregation  for  susceptibility  was  obtained  in 
the  Carina  x  Hussar  cross  tested  to  races  5,  9,  15,  and  58.  The 
Carina  reaction  to  races  5  and  15  was  epistatic  to  the  resistant 


reaction  of  Kussar  when  the  Carina  genes  for  resistance  were  in 
the  homozygous  condition,   "'hen  tested  to  races  9  and  £8,  Carina 
and  Hussar  genes  for  resistance  behaved  as  independent,  dominant, 
duplicate  factors  in  the  F2.   The  reactions  to  races  5»  15>»  and 
58,  which  aopearrd  to  be  due  to  the  same  renes,  and  the  reactions 
to  race  9  were  associated  in  inheritance  in  this  cross.   The  re- 
sistance of  Carina  to  races  5»  15,  and  58  was  differentiated  fro 
the  susceptibility  of  Pawnee  by  linked  duplicate  renes  in  coupling 
with  l6,3  j;  9»3  percent  crossing  over. 

The  reaction  of  the  Carina  x  '.'alakof  cross  to  race  5  could 
not  be  adequately  explained.   Resistance  seemed  to  be  conditioned 
by  a  single  completely  dominar-1    a  from  Carina,  but  the  number 
of  segregating  and  homozygous  susceptible  lines  were  far  from 
expectation  in  a  monohybrid  ratio.   The  inconsistent  behavior  of 
the  Carina  reaction  in  the  three  crosses  su    t  d  that  the  var- 
iety may  be  composed  of  different  genotypes  for  rust  reaction. 

Carina  and  Halakof  were  resistant  to  race  15  and  susceptible 
to  race  19«  Transgressive  segregation  for  susceptibility  to  reec 
15  and  high  resistance  to  race  19  was  obtained  in  bulk  F3  popu- 
lations. Three  factors  appeared  to  be  involved  in  both  cases, 
with  resistance  or  susceptibility  dependent  on  specific  combin- 
ations of  genes. 

The  resistance  of  Brevit  and  Hussar  to  races  9  e^d  15  was 
due  to  separate  genes,  as  indicated  by  the  transgressive  segre- 
gation for  susceptibility  to  both  races.   These  tenes  behaved  as 
independent,  dominant,  duplicate  factors  in  the  P2,   The  reactions 
to  races  9  and  15>  were  not  inherited  independently  in  this  cro   . 


The  resistant  reaction  of  Loros  to  race  5  was  differentiated  f- 
the  susceptibility  of  Pawnee  by  a  sin     ;ne.   The  reaction  of 
Loros  was  incompletely  dominant. 

The  inheritance  of  glume  color  was  studied  in  the  Carina  x 
alakof  and  Loros  x  Pawnee  crosses.   Three  \  enes  differentiated 
Carina  and  Malakof  with  respect  to  brown  glume  color,  the  brown 
color  of  Carina  being  dependent  upon  the  presence  of  at  least 
two  dominant  r,Qn&a,     Gene  dosa/e  a  neared  to  influence  color  in- 
tensity. The  brown  glume  color  of  Loros  was  differentiated  from 
the  white  glumes  of  Pawnee  by  a  single  dominant  rene,      i3rown 
rlume  color  and  reaction  to  race  $   were  inherited  independently. 


